The role of mesons, particularly the pion, in the structure of nucleons is reviewed and investigated. Since quark-antiquark pairs are likely to "transform" into mesons at large distances, mesons are expected to contribute to nucleon structure. Their effects on the Gottfried sum rule, on the strangeness content of the nucleon, and on the spin of the nucleon are discussed.
Introduction
Ever since the postulation of mesons by Yukawa in 1934, and the discovery of the pion in 1947, it has been clear that mesons play a crucial role in the structure of the nucleon and in hadronic forces. The long range part of the nucleon-nucleon interaction is clearly dominated by meson exchanges. The puzzle of the shortdistance behavior of nuclear forces has been replaced by our lack of knowledge of the transition from quarks and gluons to nucleons and mesons. Although it is now accepted that QCD is the basis of hadronic forces, the translation of that knowledge to calculations of hadronic properties is beset by difficulties. Thus, models of the structure of nucleons abound. Many of these models make use of constituent quarks, which represent quarks "dressed" with gluons and quark-antiquark pairs. Since mesons are composed of these pairs, it is natural to believe that at large distances (≈ 1 fm) the quark-antiquark pairs become mesons. Direct evidence for the role of the pion in nucleon structure comes, for instance, from the charge form factor of the neutron, G n E , at small momentum transfers. 1 The negative charge of the pion (n → pπ − ) is responsible for the long range part of the charge distribution and accounts for the experimentally observed negative charge radius of the neutron.
Further evidence for the role of mesons in nucleon structure includes a) the success of models in which they play an explicit role, such as the cloudy bag model; 1 and b) the experimental value for the Gottfried sum rule. 2 In addition, the EMCinspired "spin crisis" led to the proposition that strange quarks contribute nonnegligibly to the spin of the nucleon and that only a small fraction of the nucleon's spin is due to the valence quarks. 3, 4 These conjectures brought about suggestions
for further experiments to measure the strangeness "content" of the nucleon 5−7 and the corresponding unknown form factors; 7 they also led to calculations of the meson contribution to the strangeness of the nucleon, 8 and to more recent measurements in deep inelastic scattering on 3 He and deuterons.
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In this paper we intend to review and expand on some of this work.
Mesons and the Gottfried Sum Rule
The Gottfried sum rule relates to the F 2 structure functions of the proton and neutron 10 ,
where F 2 is determined from deep inelastic charged (µ or e) lepton-nucleon scattering. In the quark-parton model, S G can be written as
where e i /e is the charge of quark i in units of the elementary charge. Since charge symmetry has been shown to be valid for hadrons to ∼ < 1/2%, we accept it here; it
However charge symmetry does not imply flavor independence of the sea, i.e.,ū =d. With these simplifications, Eq. (2) becomes
where the last integral is the sea quark contribution. The experimental result of the NMC group, 2 S G ≈ 0.240±0.016 at Q 2 = 5 GeV 2 , leads to the conclusion that there are mored quarks thanū quarks in the sea of the proton (∆q = 0.280 ± 0.048), unless charge symmetry fails. This result appears at first sight to be a puzzle, since gluons would be expected to generate an equal number of uū and dd pairs if quark mass difference effects are neglected. However, as first pointed out by Field and Feynman, 11 the Pauli exclusion principle, alone, would give an excess of dd pairs over uū pairs in the proton sea since there are already two valence u quarks and only one d quark in the proton. However, it is doubtful that this effect would lead to as large a reduction of S G as observed. On the other hand, the pion cloud contribution also affects S G . Although the π 0 has an equal number of u andd quarks, the proton has an excess of π + (ud) over π − (dū) and thus mored quarks thanū quarks. 12 Of course, when the π + is "in the air", the valence quark distribution of the proton is altered; however, for small x, the distinction between valence and sea quarks is difficult to maintain. On the constituent quark level, the above process is u → d + (ud). Since there are more u quarks than d quarks (d → u + dū), the same asymmetry holds at the constituent quark level. Figure 2 . Same as Fig. 1 , but from the p → ∆ + π process. momentum frame. We find,
where g πN is the pion-nucleon coupling constant, M the nucleon mass, and F πN is the pion-nucleon form factor. The first term in Eq. (4) comes from Fig. 1a and the second one from Fig. 1b , where the photon couples to the recoil nucleon. In our approach, when the difference between a proton and neutron is taken, the symmetry of a photon striking the π + in the proton and the π − in the neutron cancels this contribution to the Gottfried sum rule and leaves only the contribution of the second term in Eq. (4), shown in Fig. 1b .
In addition to the contribution of Fig. 1 to the structure function, pion emission from a nucleon can lead to excited states. The most important of these is likely to be that of lowest energy, the ∆, where
Here, the contribution of the pion cloud, shown in Figs. 2a and 2b, tends to increase S G above 1/3. The contribution to ∆F 2 is similar to Eqs. (4) and (5) with N replaced by ∆. The structure function of the ∆ is less well known than that of the nucleon and the pion and thus there is more uncertainty in calculating this contribution. However, it is expected to be smaller due to the mass difference of the nucleon and delta states which increases the minimum value of t in Eq.
. We neglect higher mass resonances and other mesons.
If we include the pion contribution, the dressed nucleon state function |N is
where |N ) is a bare nucleon. The structure function F 2 is then renormalized by the factor N = (1 + n π + ∆ π ) −1 , with n π = 1 0 dy f π (y) dy and similarly for ∆ π . The technical details are described in Refs. 12-14. With these approximations, the Gottfried sum rule becomes
The numerical value of S G depends on the form factor F πN ; the higher the effective momentum cutoff, the larger the reduction of S G from 1/3; the experimental value of 0.24 can be reached for a cutoff of ≈ 1.5 GeV.
In our opinion, the two mechanisms, the Pauli principle and the pion cloud, offer natural explanations for the measured reduction of the Gottfried sum rule from the anticipated value of 1/3.
Recent experiments have attempted to measure the pion contribution to the excess ofd (overū) quarks in a Drell-Yan reaction. 15 Although no asymmetry from the pions was observed, this conclusion may not be inconsistent with the results of the NMC group and our interpretation thereof. 
Mesons and Strangeness in the Nucleon
There has been considerable interest in the strangeness matrix elements in the nucleon, sparked, on the one hand, by a determination of the strange quark scalar density, N |ss|N , from the pion-nucleon sigma term. Although the interpretation of the experimental results has been the source of much debate, 17 it points at a sizeable value of N |ss|N , which, in turn, may be the reason behind violations of the OZI rule observed in thepp → Φ + X reaction. 18 Knowledge of the matrix element N |ss|N would also be of importance in determining the critical density for kaon condensation in dense nuclear matter and hence for the occurrence of enhanced strange particle production in heavy ion collisions.
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In addition, there exists experimental evidence for a non-vanishing strange quark axial vector matrix element, N |sγ µ γ 5 s|N , through the BNL low-energy elastic neutrino-proton cross sections 20 as well as from the EMC measurements 3 of the spin dependent structure function of the proton in deep inelastic scattering of polarized muons on polarized hydrogen. The latter determination of the strange axial vector form factor relies on SU (3) symmetry arguments, and it has been reexamined through measurements carried out recently by the SMC 21 and there are further suggestions for even more exotic measurements of the various strange quark matrix elements in the nucleon.
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From a theoretical standpoint, the existence of significant strange quark matrix elements in the nucleon is rather surprising, especially in the light of the success with which naive constituent quark models -which inherently disregard the existence of any "strangeness" in the nucleon -account for most low-energy properties of the baryonic octet. In a recent article, Karl pointed out that there is actually no contradiction between the baryon magnetic moments and the existence of nonvanishing strangeness matrix elements in the nucleon, even in a constituent quark picture, if one is willing to accept that the constituent quarks themselves have a non-trivial structure. 27 Steininger and Weise showed that such a picture arises quite naturally in a chiral quark model, 28 and Kaplan and Manohar pointed out that a different multiplicative renormalization in different flavor SU (3) representations as generated by the U A (1) axial anomaly can lead to a non-trivial flavor structure of the constituent quarks, and hence to strange quark matrix elements in non-strange hadrons.
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Aside from those more qualitative than quantitative investigations, there exists, however, only a handful of theoretical calculations that present an estimate of the strangeness matrix elements of the nucleon. There is Jaffe's pole analysis 29 where the strangeness radius and the strange quark magnetic moment were obtained using three-pole dispersion theory fits to the nucleon's isoscalar form factor, together with a standard treatment of the Φ-ω mixing and some mild assumptions on the asymptotic behavior of the nucleon form factors. Similar ideas were utilized in a calculation by Cohen et al., 30 where the authors consider the strangeness vector current in the nucleon as generated through the Φ-ω mixing in a model based on vector meson dominance (VMD). In addition, there are both Skyrme 31 as well as kaon loop model 8, 32, 33 estimates of the various strange quark matrix elements in the nucleon.
In the following, we will concentrate on the amount of intrinsic strangeness which is generated in the nucleon through its virtual kaon cloud, i.e., by means of the dissociation of a nucleon into a strange baryon plus a kaon, as e.g., by the process
In such a picture, one should not at all be surprised that strange quark matrix elements are non-vanishing, since there exist substantialĴ s =sΓs couplings (with Γ = 1, γ µ or γ µ γ 5 ) to the kaon as well as to the strange hyperons of the baryonic octet and decuplet. In Refs. 8, 32, and 33, the nucleon's strange quark matrix elements which arise from its virtual kaon cloud were studied in one-loop calculations, and each time quite different prescriptions for the evaluation of the relevant loop integrals were employed.
In the first part of Ref. 8, a single meson-loop model was studied in covariant perturbation theory, and pseudoscalar point couplings between free nucleon and meson fields were used. The meson cloud contribution to both the usual electromagnetic as well as to the strange magnetic moment was calculated, since the corresponding form factor, F 2 , is explicitly finite even without any cutoff. The model, which treats the bare hadrons as pointlike structureless particles, leads to a significant strangeness content (F s 2 (0) ≈ −1.0 µ N ) but it gives very unsatisfactory results for the magnetic moments, especially in the isoscalar channel. We find κ IS ≡ κ p + κ n = −2.4, which is an order of magnitude larger than the experimental value of −0.12.
The kaon loops in this model contribute at a sizeable level, because the relevant integrals are dominated by the baryonic masses; yet the model fails to provide a quantitative description of the standard electromagnetic properties of the nucleon. This arises, in part, because the model does not properly take into account the underlying nucleon structure and its spatial extension. When the quark sub-structure is considered, it is the size of the proton, rather than its mass, that determines the effective momentum cutoff.
In the second part of Ref. 8, the authors thus study models which include such a cutoff -as set by confinement -and which have been shown to give a very good description of the static properties of the nucleon, namely an SU (3) extended cloudy bag model (CBM) 34 as well as a chiral non-relativistic constituent quark model (CNRQM). 35 The only free parameter in the model -the MIT bag radius for the CBM and the oscillator length for the chiral non-relativistic constituent quark model -was adjusted to give an optimal description of the standard electromagnetic observables, i.e. the charge radii and magnetic moments of both the neutron and proton. Predictions were then made for the strange quark contributions to the weak magnetic form factor, F s 2 (0), the strangeness radius, r 2 s , and the strangeness axial vector matrix-element, g s A . The corresponding results, including some "seagull" gauge invariance corrections which were not considered in the original work in Ref. 8 , will be presented at the end of this section for a MIT bag radius of R ≈ 1.1 fm adjusted to fit the electromagnetic observables and which, in turn, corresponds to an effective three-momentum cutoff of approximately 0.2 GeV. For further details see Ref. 8 and the references therein.
In the meson-loop calculation of Musolf and Burkardt, 32 on the other hand, no attempt was made to reproduce the electromagnetic form factors. Rather, the authors employ an effective meson-nucleon vertex characterized by a monopole form factor
where the ultraviolet cutoff parameter Λ is obtained from nucleon-nucleon and nucleon-hyperon scattering, and is typically in the range of 1 to 2 GeV. In a similar evaluation of the kaon loop contribution, Holstein 8 equates the UV cutoff parameter with the nucleon mass, and he finds a moderate value for the strange axial vector form factor of g s A ≈ −0.1.
In Table 1 , we summarize the various estimates for the strange quark form factors of the nucleon deduced both from experiments as well as from some of the theoretical model calculations discussed above. Recently, Phatak and Sahu 33 evaluated the nucleonic strangeness content in a SU (3) chiral color dielectric model (CCDM), which is in spirit very similar to the extended cloudy bag model which was studied in Ref. 8 . Note, however, that both in Ref. 33 as well as in the original work in Ref. 8 , the Ward-Takahashi identity was not satisfied, and that the corresponding "seagull" corrections have an appreciable effect on the matrix elements under consideration. 8, 32 For further details on the issue of gauge invariance in chiral hybrid quark models see Refs. 8 and 32, and references therein.
As expected, the "virtual kaon loop" estimates are rather sensitive to the momentum cutoff used in the effective meson-nucleon vertices, and they diminish rapidly with decreasing cutoff parameter Λ. Except for the calculation employing point couplings for these vertices, which, in turn, leads to quite unsatisfactory predictions for the standard electromagnetic observables, the strange quark matrix elements that were obtained in the loop analyses are significantly smaller than the ones found either in Jaffe's pole analysis 29 or in the SU (3) Skyrme model calculations.
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This is not at all surprising, since in most models discussed here the mesonic loops yield only small corrections to hadronic models that themselves were designed to already fit the bulk of the low-energy properties of the baryonic octet. Due to the relatively high mass of the kaon, when compared e.g., with a natural energy scale set by the size of the nucleon or the mass of the pion, its contribution -and hence the amount of strangeness in the nucleon generated by means of virtual kaon loops -will be rather small.
We are well aware that the loop calculations discussed here can only yield a crude estimate for the strange quark matrix elements under consideration. Not only do they attempt to use a perturbative expansion for intrinsically strongly coupled physics, but they also neglect the contribution from the U A (1) axial anomaly and still employ the traditional picture of a nucleon built from three non-strange valence quarks, and thus discard any intrinsic strangeness in the constituent quarks themselves, as suggested e.g., by Karl 27 or by Kaplan and Manohar. 4 However, we believe that they point to evidence for significant meson contributions to the nucleon structure.
Mesons and the Spin of the Nucleon
In the previous two sections we have discussed how the meson cloud contributes to a reduction of S G in the Gottfried sum rule and to the existence of non-zero strange quark matrix elements in the nucleon. The cloud also affects the spin of the nucleon, since the dressed nucleon state (Eq. (6)) includes terms in which mesons carry orbital angular momentum and thereby depolarize the nucleon. Mesons play an important role in understanding the alleged "spin crisis" created by the EMC measurements 3 and further studied in the SMC 21 and E142 22 experiments. In the following, we review the experimental determination of the nucleon spin and the theoretical interpretation of these results.
In the EMC experiment, measurements of deep inelastic scattering of polarized muons from polarized hydrogen targets were used to determine the asymmetry
in which σ ↑(↓) is the cross section for muons polarized parallel (antiparallel) to the spin of the proton. From the asymmetry A(x, Q 2 ) and the unpolarized structure function F 1 (x, Q 2 ) one can determine the polarized structure function g 1 (x, Q 2 ), where x is the Bjorken scaling variable, through
In the limit of asymptotic momentum transfer, the polarized structure function g 1 (x) is determined by the distribution functions q
(x) of a quark i with spin parallel (antiparallel) to that of the proton,
The spin of the proton can be decomposed into 3 terms,
which correspond to the quark, gluon and orbital angular momentum contributions, respectively. The quark contributions
are related to the first moments Γ 1 of the experimentally determined polarized structure functions. In the asymptotic limit, we have e.g.,
These first moments can be used, together with weak coupling constants extracted from neutron and hyperon decays, to determine the individual contributions ∆u,∆d, and ∆s. The EMC experiment found
whereas the Ellis-Jaffe sum rule, 36 which assumes ∆s = 0, gives
This was the origin of the "spin crisis". The experimental result indicated that almost none of the proton's spin was carried by its valence quarks, and that ∆s was significantly non-zero. Intense theoretical and experimental activity was stimulated.
In particular, a measurement of the neutron structure function g n 1 was sought, since the most fundamental sum rule, derived by Bjorken 37 , relates the difference of the first moments of the proton and neutron structure functions to the isovector axial vector coupling constant,
The SMC experiment (deuteron target) and E142 experiment ( 3 He target)
were designed to provide data on the neutron structure functions. Their results appeared to contradict one another, with SMC agreeing qualitatively with the EMC measurements, but E142 finding that the quarks carried about 1/2 of the nucleon spin and ∆s consistent with zero. However, the EMC, SMC, and E142 experiments were carried out at different values of Q 2 , and since the Γ If the quark contribution to the nucleon's spin,
in Eq. (13) is small, then the other terms, ∆G and L z , must compensate. Contributions to L z are generated by relativistic effects and the meson cloud. Confinement of the quarks in the nucleon leads to non-zero lower components of the spinor wave functions, which carry angular momentum even for quarks in a s 1/2 state, and theqq pairs in the meson cloud also carry orbital angular momentum and thus depolarize the nucleon. These effects have been evaluated in the model discussed in Ref. 8 .
In the non-relativistic quark model, ∆Σ, the fraction of the nucleon's spin carried by the valence quarks, is equal to one. In the MIT bag model, ∆Σ = 0.65 through the aforementioned relativistic effects. These values are changed in the one-meson-loop calculations of Ref. 8 through couplings to the baryonic octet and decuplet and simultaneous emission of a virtual pion or kaon. Coupling to the octet reduces the axial current of the nucleon, whereas coupling to the decuplet enhances it. The leading order contribution is that of the octet, so the overall effect is a reduction of ∆Σ that depends on the spatial extent of the nucleon, characterized e.g., by the bag radius or oscillator length. In Fig. 3 , we show predictions for ∆Σ for the extended cloudy bag model of Ref. 34 and for the chiral non-relativistic constituent quark model of Ref. 35 . As expected, ∆Σ is decreased by the oneloop corrections, and the size of the effect decreases with increasing nucleon size. The reduction is about 15% for nucleon size parameters (MIT bag radius R ≈ 1.1 fm or oscillator length r ≈ 0.8 fm) which give a good description of the standard electromagnetic observables. The dashed lines show the valence quarks' contribution to the nucleon spin without the depolarization effect of the mesonic cloud. In this figure, we also depict the average number of "mesons in the air", Mesons thus contribute important corrections to our qualitative understanding of the nucleon structure. Here, we have shown, in particular, the effects of the virtual meson cloud on the reduction of the Gottfried sum rule, the appearance of non-zero strange quark matrix elements in the nucleon, and why the valence quarks' contribution to the nucleon spin may be smaller than naively anticipated. Therefore, any complete, quantitative evaluation of the nucleon structure should include the effects of the meson cloud.
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